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This is a library Circulating Copy which may be borrowed for two weeks. the sensitivity of the method is limited only by photon detec-4 . tion; hence as few as 10 excited states can be investigated.
On the other hand, a serious drawback in using spin coherence to monitor ma~ interesting features of excited triplet states 1S that whenever a change in Larmor frequencies large compared to the spin resonance linewidth occurs, spin coherence is usually irreversibly lost.
Such would be the case for example in energy transfer between two states each having different zero field splittings.
To overcome this limitation we shall demonstrate the use of an "ordered" electron spin state in which spin coherence in the excited states is converted into a spin sublevel population distribution dependent upon the triplet state's local environment.
This is accomplished by adiabatic demagnetization in the rotating frame (ADRF), a technique developed by Slichter· and 11 12 Holton and Anderson and Hartmann for ordering nuclear spins in their local dipolar fields. ADRF consists of applying a ~/2 pulse followed by a spin locking field 90° out-of-phase with the initial pulse. The spin locking field is then slowly reduced to zero, with the net result that each spin becomes aligned in its own local field. A significant aspect of ADRF is that if HI is reduced slowly enough, the process i~ isentropic, and the order of the system in the spin lock field is conserved, beine converted to order in the local fields. For excited triplet states, the initial entropy is , -3-that associated with the spin alignment of the magnetic sublevels produced by selective intersystem crossing.
Although the electron spins in excited triplet states can be ordered by such a procedure, it is not obvious whether a difference in the intensity or polarization of phosphorescence from the excited molecules can depict the ordered state or whether the order will persist long enough for it to be a useful probe into the dynamics of processes associated wi th triplet states in molecular solids. l!Je wish to demonstrate that triplets can be ordered in their local fields and that this order can be optically detected by a change in phosphorescence emission. We will also show that in the absence of energy diffusion processes this order is maintained for times approaching the lifetime of the excited state. Finally we will outline a few ways in which the "ordered" spin state can be used as a probe of the dynamics associated with molecular triplet states and triplet excitons.
II. The Optical Detection of an "Ordered" Spin Ensemble in Phosphorescent Triplet States
The relationship between the phosphorescence intensity and the distribution of electron spins among the sublevels follows from the time dependent density matrix in a generalized rot~ting frame where pACt) = U-l pCt) U Cl) 
We consider the case where a microwave field of frequency wand phase ~ is applied to induce transitions between the Ty and T Z spin sublevels. V(t) 1S given by: (4 ) and
The time variation of p*(t), is defined by the usual (6) .' .
where HO, the Hamiltonian in the gener~lized rotating frame,~ is given by
Neglecting nonsecular terms, the density matrix at time t can be written down explicitly in terms of the time evolution operator S:
i :
where
p*(t) given by Eq. 8 can be defined in the Feynman, Vernon, and Hellwarth 13 r* basis as
h - tion of microwaves. The terms rl"(t), r 2 "(t) and r 3 "(t) are the components of a vector r;t, along three orthogonal axes X, Y and Z, respectively, in the interaction representation 14
These axes are not to be confused with principal axes of "the triplet zero field tensor.
Because the initial phases of the electron spins are random before the application of Vet), the coherent terms in the density matrix rl*(O) and r 2 *(0) are zero, and .. 
the electric transition dipole (16) IC~12 and IC~12 can be identified with the radiation rate constants from the ly and lZ spin sublevels, respectively.
We are no~ prepared to examine the effects of "or~ering" on the. density matrix and the corresponding change in phosphorescence intensity. We will treat the case where the applied field is resonant and phosphorescence from the two spin sublevels coupled by the field is of different polarizations. Furthermore, we will restrict the discussion to an inhomogeneous line where the transition frequency wi for the With these considerations in mind, the ordered state is prepared in the following manner.
(1) A n/2 pulse applied at ~ = 0° tips r 3 *(0) into the XY plane along a direction X. In vector notation in the XYZ basis this is expressed simply as:
The phosphorescence intensity goes from an initial value
... (20) to a value corresponding to saturation given by spins. This is permissible only insofar as most experimental observables result from the net ~xcessesof spin types in the sublevels.
If the· exciting light were cut off at this point the phosphorescence would decay to zero in a multi-exponential fashion with the lifetimes of the triplet sublevels. In this respect no difference ln the ordered and nonordered saturated states can be 6bserved since the total populations:
of the +evels at the time the light is shut off would be the same in both cases.
At first sight it might appear that the order cannot be detected by the decaying phosphorescence but such is not the case. The phosphorescence from the ordered state can be made to reflect the dynamics of processes which tend to destroy the order and hence increase the entropy of the syst¢m.
One method_for accomplishing this is to perform an opticaJ:-ly .detected electron spin echo 4 in the ordered state.
It is apparent from Eq. 13 that when the density matrix·· in the interaction representation is displayed through the respectiv~ly. projection of r on the Y axis.
If we consider one spin with +~i' it is apparent that after a time T, it has aY projection of (28) For a symmetric transition, its companion spin -.1w. has rotated 1 in the opposite sense so it has the same component along Y .
. '.
Computing r2" for the entire ensemble yields "'/(t + T) = fro r/(t, 1100) g(lIoo) sin","T dlloo • (29)
_00
To negate field and sample inhomogeneities a n pulse is .. 
The phosphorescence intensity about (T -T') is antisymmetric and corresponds to a saturated value at (T -T') = O.
If all the order is lost r3": (lIw) becomes symmetric about lIw = 0 and the echo has zero amplitude at all time T and T' (Eq. 30). Hence, the phosphor~scence intensity remains at a value corresponding to the saturation of the two spin sublevels for all (T -T'). A semilog plot of the echo intensity vs. the time between demagnetization and the echo pulse sequence yields the lifetime of the ordered state.
-14-Since order destroying processes influence the value of r3 ~'( ( llw i) a:t the end of the waiting period, which we de~ote as t w ' the echo would also decay according to th~se processes.
These are classified as "vertical" processes which exchange the populations between T z and Ty (such as spin lattice relaxation) and "horizontal" spectral diffusion processes which change r 3 *(llw i ) by changing the local field liu i .
III. Experimental
The experimental arrangement for optically detected magnetic resonance (ODMR) is similar to that described -TCB were applied to the sample.
The adiabatic demagnetization and echo pulse sequence was repeated at a rate of 5 Hz and the phosphorescence signal was phase sensitive detected with a PAR HR8 Lock-in amplifier.
As the pulse sequence was repeated, the final probing pulse was slowly swept in time so that the output signal of the Lock-in, when referenced to an appropriate baseline, was proportional to the echo intensity in the ordered state.
IV. Results
The lowest 3nn * state of tetrachlorobenzene is ideally suited for the optical detection of electron spin order. The time of the final 71'/2 probing pulse with ~espect to the 71' echo pulse is given 'on the abscissa of Figure I ., As expected from the discussion, the echo, has no intensity at the refocusing time (T -T') = 0 and isantisymmetric about that time. The observation of the predicted echo shape and the fact that this shape was sensitive to the microwave phases in the different channels demonstrated that indeed an ordered electron spin state had been attained. ; f'. 
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